The toxicity of Bacillus thuringiensis Cyt1Aa protein to sheep blowfly larvae depends on its solubilization and proteolytic activation. Cyt1Aa crystals were not toxic. Full-length and trypsin-digested Cyt1Aa proteins were toxic to larvae of three species of sheep blowfly. Neither full-length nor trypsin-digested Cyt2A soluble crystal proteins were toxic.
During sporulation, Bacillus thuringiensis produces crystalline protein inclusions with insecticidal activity against selected lepidopteran, dipteran, and coleopteran larvae. The insecticidal crystal proteins Cyt1Aa and Cyt2Aa, produced by B. thuringiensis subsp. israelensis and subsp. kyushuensis, respectively, are toxic to mosquito larvae (3, 11) . Both proteins are present in the crystals as 27-to 29-kDa proteins but when solubilized can be processed by trypsin to form a protease-resistant core of 22 to 23 kDa with enhanced in vitro activity (1, 11) .
Sheep blowflies are a major pest, causing ovine myiasis (flystrike) in New Zealand and Australia, resulting in major economic losses (7, 14) . Control of flystrike through regular dipping with insecticides has led to the development of resistant fly populations (5) . This has prompted the search for B. thuringiensis strains for use as a biopesticide or its insecticidal crystal proteins for incorporation into fleece-colonizing bacteria for the control of sheep blowflies. It has been reported previously that several B. thuringiensis subspecies (4) and Cry1Ba (8) have activity against Lucilia cuprina larvae. In this paper we describe the toxicities of two B. thuringiensis insecticidal crystal proteins, Cyt1Aa and Cyt2Aa, to the larvae of three sheep blowfly species (L. cuprina, Lucilia sericata, and Calliphora stygia).
B. thuringiensis subsp. israelensis IPS78/11 strains expressing the cloned Cyt1Aa protein gene and the Cyt2Aa protein gene (11) were grown on nutrient agar plates containing chloramphenicol (5 g/ml). All cultures were grown at 30°C for 4 days. The sporulated cultures were harvested by washing the plates with distilled water and then were washed with 1 M NaCl followed by three washes with distilled water and stored at Ϫ20°C. Crystals were purified by the following method. Two milliliters of washed culture was mixed with 8 ml of 90% sucrose (wt/vol) and centrifuged at 13,000 ϫ g at 4°C for 2 h. Eight milliliters of supernatant was removed and mixed with 4 ml of distilled water, and this mixture was centrifuged at 1,000 ϫ g for 30 min. The pellet, which contained the crystals, was washed three times with distilled water.
The Cyt proteins were purified by anion-exchange high-performance liquid chromatography. Soluble full-length Cyt proteins were prepared by incubating 5 mg of Cyt1Aa or Cyt2Aa crystals in 5 ml of 50 mM Na 2 CO 3 , pH 10, containing 2 mM Pefabloc (Boehringer Mannheim) at 37°C for 60 min followed by centrifugation at 10,000 ϫ g for 15 min. The pellet was resuspended in 5 ml of 50 mM Na 2 CO 3 , pH 10.5, containing 2 mM Pefabloc and 10 mM dithiothreitol and incubated at 37°C for 60 min. Trypsin-digested Cyt proteins were prepared by incubating 5 mg of Cyt1Aa or Cyt2Aa crystals in 5 ml of 50 mM Na 2 CO 3 , pH 10.5, containing 10 mM dithiothreitol at 37°C for 60 min. The preparation was centrifuged at 10,000 ϫ g for 15 min. The supernatant was incubated with trypsin (200 g/ml) at 37°C for 60 min. All preparations were applied to a POROS QE (PerSpective Biosystems) column, equilibrated with 50 mM Tris, pH 8.5, and the proteins were eluted at a flow rate of 5 ml/min with a gradient of 0 to 1 M NaCl (pH 8.5). The protein peaks were dialyzed against 20 mM Na 2 HPO 4 , pH 8.5, and stored at Ϫ20°C. Protein concentrations were determined with the bicinchoninic acid protein assay reagent (Pierce), with bovine gamma globulin as a standard. N-terminal-amino-acid analysis was used to confirm that the full-length Cyt proteins had not undergone proteolysis.
L. sericata larvae were obtained from Biosuppliers (Auckland, New Zealand); L. cuprina and C. stygia were obtained from N. Haack (AgResearch, Wallaceville, New Zealand). One hundred microliters of diluted crystals or purified proteins was mixed with 1 ml of molten diet (brewer's yeast, 9 g; agar, 9 g; ultra-high-temperature-treated full-cream milk, 250 ml; distilled water, 150 ml, microwave heated to boiling point), and * Corresponding author. Mailing address: BioDiscovery New Zealand Limited, 24 Balfour Road, Parnell, Auckland, New Zealand. Phone and Fax: (9) 309 7666. E-mail: cchilcott@biodiscovery.co.nz. 1 ml was dispensed into each well of a 24-well microtiter plate (Nunc). Eight newly hatched sheep blowfly larvae were added to each well, and each well was covered with perforated Mylar.
Twenty-four larvae were tested at each dose, and all assays were repeated four times. The larvae were incubated at 34°C, and mortality was recorded at 48 h. The 50% lethal concentrations (LC 50 s) were calculated by log-probit regression analysis with the computer package POLO-PC. The LC 50 s of Cyt1Aa and Cyt2Aa crystals, full-length and trypsin-digested proteins, are given in Table 1 . Neither Cyt1Aa nor Cyt2Aa crystals were toxic at 2 mg/ml. Full-length Cyt1Aa protein was toxic to all three blowfly species (LC 50 s ranged from 236 to 305 g/ml). Trypsin digestion of the Cyt1Aa protein increased toxicity four to six times, with LC 50 s ranging from 39 to 47 g/ml. Neither full-length nor trypsin-digested Cyt2Aa proteins were toxic at 2 mg/ml.
The susceptibility of insect larvae to B. thuringiensis crystal proteins depends on their midgut environment, including pH (10), specific proteases (6, 12) , and the presence of specific receptors (16) . Cyt1Aa crystals from strain IPS78/11 are almost insoluble at pH 10 in the absence of dithiothreitol but are soluble at pH 10.5 in the presence of 10 mM dithiothreitol. Cyt2Aa crystals are soluble at pH 10 in the absence of dithiothreitol (11) . The optimal pH for trypsin-like activity in L. cuprina and Calliphora vicina larvae is 7 to 8 (2, 13), suggesting that the larval midgut appears to have a neutral or slightly alkaline pH, which would not be sufficient to dissolve the Cyt1Aa and Cyt2Aa crystals. The increased toxicity of trypsin-digested Cyt1Aa cannot be explained by the lack of proteolytic activity in sheep blowfly protease activity because L. cuprina gut extracts could digest the 27-kDa protein (unpublished data).
The specificity of the B. thuringiensis insecticidal crystal proteins is determined, in part, by the presence of specific toxin receptors on the insect midgut epithelium. The cytolytic activities of both Cyt1Aa and Cyt2Aa for cultured insect cells and erythrocytes are inhibited by preincubation with phosphatidylcholine or phosphatidylethanolamine liposomes, provided that these contain an unsaturated fatty acyl chain at the syn-2 position (9, 15) , suggesting that they have similar receptors. However, the differences that we observe between the activity of Cyt1Aa protein and that of Cyt2Aa protein against sheep blowfly larvae suggest that the larvae lack the receptor for the Cyt2Aa protein.
